The potential of microalgae as a source of biofuels and as a technological solution for 15 CO 2 fixation is subject to intense academic and industrial research. In the perspective of 16 setting up massive cultures, the management of large quantities of residual biomass and the 17 high amounts of fertilizers must be considered. Anaerobic digestion is a key process that can 18 solve this waste issue as well as the economical and energetic balance of such a promising 19 technology. Indeed, the conversion of algal biomass after lipid extraction into methane is a 20 process that can recover more energy than the energy from the cell lipids. Three main 21 bottlenecks are identified to digest microalgae. First, the biodegradability of microalgae can 22 be low depending on both the biochemical composition and the nature of the cell wall. Then, 23 the high cellular protein content results in ammonia release which can lead to potential 24 toxicity. Finally, the presence of sodium for marine species can also affect the digester 25 performance. Physico-chemical pretreatment, co-digestion, or control of gross composition 26 are strategies that can significantly and efficiently increase the conversion yield of the algal 27 organic matter into methane. When the cell lipid content does not exceed 40 %, anaerobic 28 digestion of the whole biomass appears to be the optimal strategy on an energy balance basis, 29
1 Introduction 59 60
The potential of photosynthetic microorganisms as an alternative to biofuel crops together 61
with their potential as a promising technology for CO 2 fixation is a subject of strong interest 62 (Chisti, 2007 (Chisti, , 2008 ; Li, 2008) [R3Q5]. Indeed, some eukaryotic microalgae and prokaryotic 63 (cyanobacteria) microorganisms (abusively gathered under the term microalgae in the 64 following) can synthesize lipids under certain environmental conditions (Metting, 65 1996) [R2Q1]. The perspective of large scale production of microalgae for biofuel applications 66 is motivated by the high productivity which can be reached (Huntley and communities. This decomposition is a slow and incomplete process. Some cell structures can 94 still be found in the sediments after many years, some being identified in kerogen rocks 95 (Vandenbroucke and Largeau, 2007) . Kinetics of these anaerobic degradation processes is 96 highly dependant upon both the species degradability as well as the environmental conditions, 97 eventually resulting in various fractions (Vandenbroucke and Largeau, 2007 Determining the composition of microalgae is a way to apprehend their digestion 129 potential. The mineral composition of microalgae meets the nutrient requirements of the 130 anaerobic microflora. Besides carbon, nitrogen and phosphorus which are major components 131 in microalgae composition, oligo nutrients such as iron, cobalt, zinc are also found 132 (Grobbelaar, 2004) and are known to stimulate methanogenesis (Speece, 1996) . 133
These organisms have proportions of proteins (6-52 %), lipids (7-23 %) and 134 carbohydrates (5-23%) that are strongly species dependent (Brown et al., 1997 
where Vm is the normal molar volume of methane. 159
The ratio r G of methane to carbon dioxide can therefore be computed from 160 
164
The biogas composition however also depends on the amount of CO 2 which is dissolved 165 in the liquid phase through the carbonate system , and is therefore strongly related to pH 166
[R2Q7]. 167
The ammonium production yield in the digester can be evaluated using equation (1) Equation (1) is a theoretical approach that allows estimation of the maximum potential 171 yields. However, as it will be discussed later on, if the cells are directly injected into the 172 anaerobic process, the accessibility of the intracellular components is limited for some species 173 by the specific nature of their cell wall (Becker, 1988) . On the contrary, yield can be enhanced 174 by cell disruption after extracting a specific sub-product such as lipids for biofuel (Chisti, 175 2007 ) and/or molecules of pharmaceutical interest (Spolaore et al., 2006). In this case, the 176 remaining intracellular components become accessible for the anaerobic bacteria. 177 
190
The raw estimate from Table 1 can be refined considering the organic composition of 191 specific microalgae species. Using equation (1), it is possible to compute a theoretical specific 192 methane yield associated to a theoretical ammonia release ( Table 2) . As expected, the species 193 that can reach higher lipid content (e.g. Chlorella vulgaris) have a higher methane yield. 194
Obviously, in the case where lipids are extracted from algae before digestion, the 195 potential methane yield is lower while the released ammonium is higher (See Table 4 
Hydraulic retention time and loading rate 221
The hydraulic and solid retention time (HRT and SRT) are key parameters in anaerobic 222 processes. They should be high enough to allow the active populations to remain in the 223 reactor, especially methanogens, and not to limit hydrolysis which is generally the limiting-224 step of the overall conversion of complex substrates to methane. In the case of slowly 225 degradable complex organic pollutants, HRT is a deciding factor (Speece, 1996). When the 226 process is operated at low loading rate and high hydraulic retention time, the methane 227 yield[R1Q7] (L CH 4 / gVS fed) is constant and maximal. On the contrary when the maximal 228 loading rate or minimum hydraulic retention time is reached, a decrease of the yield occurs. 229
For an efficient conversion of organic matter, optimal loading rates and hydraulic 230 retention times must be chosen depending on the type or composition of the algal substrate. 231
When the cells are directly injected into the anaerobic process, accessibility of the 232 intracellular content to the anaerobic microflora is limited by the resistance of the algal cell 233 wall to hydrolysis. Thus, characteristics of the species makes the difference for a given 234 The proportion of methane in the biogas produced is in a similar range (69 to 75 %) for 239 the majority of the studies, regardless of species and operating conditions. This reveals a good 240 quality of conversion of the algal organic matter into methane. The most important factor 241 impacting CH 4 proportion in the biogas is the pH, which controls the speciation of the 242 carbonate system and the release of CO 2 . If the pH is high, due to high alkalinity from NH 3 243 release, then the gas content will shift more to CH 4. The oxidation state of the biomass, which 244 drives the proportion of released methane (see equation (3) The variation in the composition of microalgae is directly influenced by their growth 359 conditions (Qiang, 2004; Spoehr and Milner, 1949) . Most microalgae have the capacity, under 360 certain conditions, to accumulate important quantities of carbon in the form of starch or lipids 361 (Qiang, 2004) . This capacity of accumulation, especially for lipids, has stimulated research 362 aiming at the production of lipid biofuel (Chisti, 2007) . The nitrogen deficiency is a well 363 known condition to stimulate this accumulation (Ketchum and Redfield, 1949 (Table 4) , but also to a reduction in the growth rate. From equation (2) and (4), it is possible 370 to calculate the effect of nitrogen limitation on the cell stoichiometry, and thus on the 371 theoretical methane potential and the theoretical ammonia release (Table 2) . It is worth 372 underlining that nitrogen limited cells have a lower protein content which leads to a lower 373 release of ammonia. These two phenomena may therefore improve both the conversion 374 efficiency and the stability of the process by limiting the toxic effect of ammonia. 375
When the anaerobic process is dedicated to digestion of cell residues after lipid 376 extraction, biodiesel and methane are recovered, thus strongly increasing the energetic 377 productivity of the microalgal culture (see Table 5 ). As mentioned by Chisti (2008) , the 378 anaerobic production of methane with cell residues is a key issue to balance both energetic 379 and economic aspects. However, in this case the fraction of energy recovered under the form 380 hal-00854465, version 1 -27 Aug 2013 of methane is reduced (theoretical methane potential is decreased) and the ammonium release 381 increased. The high ammonium concentration may then strongly limit and even jeopardize the 382 process stability. To manage this rich nitrogen substrate, a codigestion with a poor nitrogen 383 substrate is thus necessary. 384 385
Codigestion 386
The association of various substrates is a strategy to increase the performance of a 387 digester by ensuring an optimal influent composition. It has been shown to strongly enhance 388 the biogas productivity (Mata-Alvarez et al., 2000). When C/N is lower than 20 [R3Q8], there 389
is an imbalance between carbon and nitrogen requirements for the anaerobic microflora 390 (Speece 1996) leading to nitrogen release, which can become inhibiting and results in an 391 accumulation of volatile fatty acids. 392
Yen and Brune (2007) reported a significant enhancement of the methane production 393
with an addition of waste paper to algal sludge feedstock, the optimum C/N was observed to 394 be between 20 and 25. In mesophilic conditions, for a 10-days retention time and a loading 395 rate at 4 g VS L -1 .d -1 , the blend with 50 % waste paper based on volatile solids concentration 396 doubles the methane production rate compared to direct anaerobic digestion of algal biomass
In the same conditions, with a loading rate of 5 gVS
the algal sludge mixed with 60 % of waste paper, lead to a maximum methane production rate
The improved performance with such an approach are confirmed by Chen (1987) who 401 associated algae with effluent from canning facility and protein-extracted algae. In this case 402 the optimal methane specific gas production was reached for a C/N ratio between 25 and 35. 403
In these studies, the optimal C/N ratio was found between 20 and 35. This value is close to the 404 described range known to have a positive effect on the methane yield (Angelidaki et al., 405 2003) . Lower ratios lead to potential inhibition due to the presence of free ammonia whereas 406 higher ratios may lead to potential nitrogen limitations. By increasing the C/N ratio (from 4.2 407 to 6.2) using sewage sludge, Samson and LeDuy (1983b) enhanced both methane yield and 408 productivity during the codigestion of Spirulina maxima. Some co-substrate can have a co-409 effect in the sense that they stimulate enzymatic synthesis that can also improve the anaerobic 410 digestion yield [R3Q9]. Indeed, Yen and Brune (2007) showed an increase in the cellulase 411 activity stimulated by the specific nature of the waste paper. It probably had a positive effect 412 on the digestion of algal cell walls and therefore on the anaerobic digestion itself. In the 60s, Oswald and Golueke (1960) demonstrated the feasibility of mitigating gas 422 effluents resulting from a power plant with a high-rate pond. Furthermore, the addition of CO 2 423 in algal ponds enhances algal growth (Olaizola, 2003; Doucha et al., 2005) provided that pH 424 is regulated. It also maintains a low pH that decreases the gaseous ammonia emission 425 (Heubeck et al., 2007) . The CO 2 concentration in a biogas in the range 30 to 50 % appears to 426 be compatible with the toxicity and inhibition thresholds reported for the commonly exploited 427 species (Maeda et al., 1995) . 428
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The filtration of the biogas by algal cultures supplies CO 2 to the culture, thus enhancing 429 the algal growth and productivity Biogas produced from anaerobic digestion of organic matter is mainly composed of 442 methane and carbon dioxide, but also in a smaller fraction, of hydrogen sulphide, dinitrogen, 443 dihydrogen and other volatile compounds (Rasi et al., 2007) . As already discussed, with a 444 high nitrogen content, the biogas can also contain ammonia (Strik et al., 2006) . 445
The effects of the minor components in the biogas on the algae vary from one study to 446
another. They seem highly related to the algal species and concentrations, their state and the 447 presence of other inhibiting compounds. Some species have a higher tolerance towards NO x 448
and SO x components (Michiki, 1995; Chae et al., 2006) . Olaizola (2003) showed that the 449 main effect of SO x and NO x is indirect due to their acidity since they lead to a drop in pH. A 450 pH control procedure therefore strongly limits their effect on the algae. 451 Travieso et al. (1993) showed that the concentration of H 2 S in the gas decreased after 452 filtration by Arthrospira sp. from 1% to 0.3 -0.4 %. This reduction was however mainly 453 attributed to the gas solubility. The quality of biogas is a key issue for the longevity and 454 efficiency of the thermic process converting methane into energy, and the algae can 455 significantly reduce the cost associated to biogas filtration. Moreover algae increase the 456 methane content which facilitates the biogas energetic conversion (Heubeck et al., 2007) . 457
However, because of certain corrosive or toxic compounds which remain in the biogas even 458 after algal filtration and cannot be removed, the biogas still requires a necessary stage of 459 purification. 460 461 6 Is it worth to recover lipids from an energetic point of view? 462 463
In this section we provide several elements in order to compare the direct strategy 464 (methanizing the whole biomass) and the indirect one, including lipid recovery and methane 465 production with the algal wate. Table 5 highlights the comparison between these two scenarii. 466
For an algal lipid content lower than 40%, the energetic added value when recovering lipids is 467 lower than 21% of the recovered energy. However, the energetic cost of biomass harvesting 468 and lipid recovery is probably higher than 30% of the recovered energy, especially since most 469 of the existing techniques involve biomass drying (Carlsson et al., 2007) , while the direct 470 strategy would involve only a sedimentation and preconcentration stage in a settler. This put 471 an emphasis on the idea that direct energy recovery can be of interest in the case where the 472 lipid content is lower than 40%. This point is consolidated when considering the 473 triacylglycerols which are the actual substrate to produce biodiesel. They may represent only 474 a small fraction of total lipids when no nitrogen limitation is induced, and thus in the 475 situations when lipid content is low (Rodolfi et al. 2008 ). This assumption is further 476 confirmed when the productivity is taken into account. A nitrogen limitation induces a strong 477 hal-00854465, version 1 -27 Aug 2013 decrease in growth rate (Droop, 1983) . Consequently the increase in the lipid content is 478
generally not compensated and eventually productivity is decreased (Rodolfi et al. 2008 ). 479
Hence, even the energetic advantage for the indirect scenario appearing in Table 5 to use species with a higher C/N ratio, and to apply culture conditions that maximise this 498 ratio. However the strategy needs to be adapted, depending whether lipids have been 499 recovered in a preliminary step. 500 3-If the cell lipid content does not exceed 40 %, the anaerobic process appears to be the 501 optimal strategy on an energy balance basis, for the energetic recovery of cell biomass. 502
This study justifies the exploration of the potential of the direct scenario, without lipid 503 recovery, and provides new motivations to more accurately identify the lipid content 504 threshold under which recovering the oil is no more relevant from an energetic point of view. 505
Explored about fifty years ago, the promising integration process coupling anaerobic 506 digestion and microalgal culture deserves sustained research and development efforts and will 507 probably re-emerge in the coming years either as a mandatory step to support large scale 508 microalgal cultures or as a stand alone bioenergy producing process. Table 2  721 Gross composition of several microalgae species (Becker, 2004) and calculated (using 722 equation (1) 
